Introduction 11
Landslides sometimes occur on mountain slopes triggered by heavy rains changing into debris 12 flows and then moving into mountain rivers, in a complex process. As was pointed by Hungr 13 et al. (2013) shallow slides may begin with slow pre-failure deformation and cracking of 14 surficial soil on a steep hillside. Then, landslide mass accelerates, disintegrates, enlarges 15 through entrainment and becomes a flow like debris avalanche that enters a drainage channel, 16 entrains water and more saturated soil and turns into a debris flow. When slope diminishes, the 17 flow drops the coarsest fractions continuing as a sediment-laden flood. These authors proposed 18 to apply the simple traditional term "debris flow" to the whole scenario. Additionally, these 19 floods usually occur in mountain river basins draining less than 1000 km 2 (Gaume and Borga, 20
2008; Lumbroso and Gaume, 2012). where numerous human settlements are located (Fig. 1a, b ). This is due to the special 1 morphometric, geographical and geological configuration of river basins in the Cordillera 2
Oriental of Argentina that is extremely favourable for the generation of debris floods and flows. 3 Moreover, a great amount of loose debris, consequence of slope processes such as slides and 4 rock falls, is available due to the geological characteristics of the outcropping lithology and 5 structures. Debris flows/floods pose a serious threat to the socio-economic and physical 6 environment of this region. In Table 1 are listed some of the most catastrophic events 7 responsible for most deaths and damages to roads and villages that have occurred in 8 northwestern Andes of Argentina. 9
Morphometric characteristics of a river basin area unit are basic tools to estimate and predict 10 its behaviour under conditions of heavy rainfalls, and to compute the potential hazard of debris The focus of this work is to describe and analyse the destructive event that occurred in the 17
Volcán village on January 2017, studying some geomorphological and hydrological aspects and 18 identifying their effects during torrential rains in order to generate latest information of the 19 basin for future river basin management. 20
Study area 21
The Volcán village, with 1731 inhabitants (2010), is located 41.9 km north of San Salvador de 22
Jujuy city (capital town of the Jujuy province), Argentina. In this area operates since the 1970s, 23 a cement production plant that is the main supplier of cement of the region and southern Bolivia. 24 (Fig. 1a-c ) 25 Nat. Hazards Earth Syst. Sci. Discuss., https://doi.org/10.5194/nhess-2018-207 Manuscript under review for journal Nat. Hazards Earth Syst. Sci. Discussion started: 17 July 2018 c Author(s) 2018. CC BY 4.0 License.
The Los Filtros River, which crosses the Volcán village, is a tributary of the northern margin 1 of the Grande River that flows to the south in a narrow mountain valley trending N-S (Fig. 1d) The annual average temperature in the region is approximately 14°C; July is the coldest month, 9
with an average temperature of 5.2°C, and the hottest month is December, with temperatures 10 averaging 19°C (Buitrago, 1999). probable Quaternary tectonic activity. This regional fault system has an east-vergence, trending 1 N-S to NNE. In the lower basin, mainly Quaternary alluvial deposits are exposed (Fig. 4a-e) . 2
The vegetation cover in the basin is characterized by shrub steppe vegetation that is plentiful as 3 well as cacti, mainly cardones (Echinopsis atacamensis), dwarf forests and bromeliad cushions. Therefore, the soil can undergo intense superficial erosion during high intensity rainfall events. 8 9
Materials and methods 10
The analysis of the event was carried out through the compilation of local newspaper reports 11 and field investigation. Furthermore, Los Filtros river basin delineation and the morphometric 12 characterization through topographical data and satellite imagery were made. Post-disaster Spot 13 images provided by CONAE (Comisión Nacional de Actividades Espaciales, Argentina) © 14 CNES 2017, Distribution Spot Image SA were compared with pre-disaster images, in order to 15 explore the overall scenario of the event. Previous small slides related to large-scale and slow-16 moving landslides were detected by using a semi-automatic analysis of the variations in the 17 spectral signature of the land surface and resample with ESRI's ArcGis 10.3. Large-scale and 18 slow-moving landslides were identified using high-resolution satellite imagery from Google 19 Earth™, which was georeferenced to a geographical coordinate system (WGS84) within a 20 geographical information system (GIS). The basin was delineated based on the water divide 21 line concept and was on-screen digitalized using the same GIS technology. The main channel 22 length (Mcl) and length (L) were calculated according to Schumm (1956) . The morphometric parameters of the basin, which divided in basic parameters are area (A), 3 perimeter (P), length (L), mean width (W), maximum and minimum heights (H, h) and main 4 channel length (Mcl), were quantitative calculated using GIS. Besides, several derived and 5 shape morphometric parameters were obtained using the equations in Table 2, like circularity  6 index, elongation ratio, form factor, sinuosity index ratio, relief ratio and basin relief, among 7 others. These relief properties in the morphometric analysis bring into consideration the 8 influence of aspect and height over the river basin area. 9
The geologic map modified from Savi et al. The results of the morphometric analysis of this mountain river basin is given in 19 Table 2 , where the circularity index, elongation ratio and form factor show a very elongated 20 basin. Basin morphology (Table 2) prone to debris flow, since these materials are easily mobilized and can then travel longer 1 distances. 2 Small (<20 km 2 ), rugged and low-order basins produced small and steep fans dominated by 3 debris flow processes implying different sediment-water mixtures (Pierson, 2005) . Such is the 4 case of the study area, a system of distribution of rainwater in a rather small reception river 5 basin, with a main discharge channel that is excavated in a very narrow valley with almost 6 vertical walls of up to 50 m of height. The Los Filtros upper river basin is located almost 4,000 7 m high, in a hyper arid environment that is only disrupted by very heavy rainfall during summer. 8
Throughout the year, frequent mass removal processes take place, such as slides and large 9 blocks falls from loose, fractured and weathered materials. When heavy rains occur, they can 10 re-mobilize large amounts of debris carried by high-density flows in a main river collector. (Fig. 3d) . Gradient variations can be seen along the longitudinal river profile, with a concave shape 1 upstream, slightly concave in the middle channel, and a relatively straight profile (very low 2 concavity) at the end of the stream (Fig. 4f) . Local distortions in the longitudinal profile 3
represented by knickpoints are mainly due to lithological contrasts between the Precambrian 4 metamorphic rocks, the Mesozoic sedimentary strata and the unconsolidated Quaternary 5 alluvial deposits. However, a structural control is not ruled out. 6
The elevation map of the Los Filtros River shows the distribution of altitudes in meters along 7 the basin, revealing a steep gradient oriented W-E (Fig. 5a ). 8
The sediment transport capacity index SL (the distance from where the flow is originated, along 9 its path, to where it concentrates or deposits) of the basin ranges from 0 to 376.8 (Fig. 5b) . The 10 larger the SL, the more water accumulates at the bottom of the field, increasing erosion. between the obtained TWI (Fig. 5c ) values and the landslide occurrence showed a coincidence 17 in the saturation and/or accumulation of material areas (Fig. 5d ). This may be the result of the 18 availability of lithological units with a relatively high permeability and low surface runoff. This 19 map shows similar results to the sediment transport capacity index SL. 20
The slopes map shows gentler slopes in the headwaters of the basin and a bedrock with typically 21 high slope angles and steep morphology, mainly in the hillside, with maximum slopes of 60° 22
and an average of 29° (Fig. 5e ). This gives a good indication of the areas that correspond to 23 bedrock. The low slopes area in the end of the Los Filtros basin is the consequence of a repeated 24 sequence of debris flows. 25 Nat (Fig. 5f ). Considering their spatial distributions, we concluded that 7 approximately 76% of the study area is covered by dense vegetation with values of NDVI 8 ranging from 0.3 to 0.8, and a small portion of approximately 6% is covered by rock, coincident 9 with the sliding basin area. Nevertheless, due to the seasonal flora and the lack of perennial 10 species, the vegetation cover as contributing factor is relative, depending on the season (Fig.  11 5f). 12 13
Sediment Sources and Supply 14
In some small low-order basins, located in mountain environments, a dramatic response to large 15 flows is expected. In high relief areas such as first-and second-order basins, debris slides are 16 important geomorphic processes that can drastically change the drainage network system. 17
These kinds of events can occur in all climatic regions and should be considered as potentially 18 devastating natural hazards (Honer, 2010) . 19 Phyllites and unconsolidated alluvial deposits are relevant to debris flow process in the basin, 20 as these rocks range in competency from slate or phyllite to metamorphosed pebble 21
conglomerates that degrade to fine sands. The resulting product constitutes a significant source 22 of relatively fine-textured sediment, easily mobilized in the channel, and capable of long run 23 out distances due to its texture. That is why the current geomorphic activity contributing to the 24 torrent's recharge with debris, is concentrated exclusively in the headwater. 25 Nat. Hazards Earth Syst. Sci. Discuss., https://doi.org/10.5194/nhess-2018-207 Manuscript under review for journal Nat. Hazards Earth Syst. Sci. Discussion started: 17 July 2018 c Author(s) 2018. CC BY 4.0 License.
In addition, the river basin is strongly affected by large-scale and slow moving landslides during 1 intense rainfall periods. Several landslides were confirmed to be present before the 2017 event, 2 based on pre-disaster images (Figure 6a-c) . Nearly all of them showed signs of enlargement or 3 remobilization during the catastrophic event according to the post-disaster images (Fig. 6a'-c') . (mainly coarse rock fall debris, and small debris slides) constituted an abundant supply of loose 14 debris that, lubricated by the rainfall and/or because of the erosion at the base were removed 15 and incorporated into the riverbed that result in a debris flow (Fig. 7a, b) . We selected this large-16 scale landslide in order to exemplify the major source and sediment supply to the river basin 17 (Fig. 7c) suggests that the river was dammed in the past (Fig. 7c) . 20 Most of the pre-existing alluvial fans are settlement areas and for several generations, people 6 have lived in these landforms. Almost every summer, the slope failures interrupt the National 7
Route 9, one of the main routes between Argentina and Bolivia. As a result of the impossibility 8 to predict such events the evacuation of the population may result difficult. One way to mitigate 9 the effects of debris flood and debris flows would be to allow only crops in high-risk areas, to 10 reduce the harm to the population in case of a destructive event. Thus, it is necessary to make 11 detailed hazard zonation maps with an inventory of landslides, size, activity, among other 12 aspects. These studies are essential for an adequate land-use planning in mountainous areas. 13 Finally, it is necessary to increase the existing knowledge of such events to provide specific 14 skills and technical solutions for floods and debris flows prevention and control. 15 
